aggregates was faster in CT than in NT, resulting in a greater loss of 53-to 250-m-sized intramacroaggregate proposed that microaggregates were formed free within Gale (1997) observed the same redistribution of labeled C and eventually a preferential accumulation of labeled C in microaggregates in a simulated no-till experiment.
also support this hypothesis.
in conventional tillage (CT) compared with no-tillage (NT) is related to differences in aggregate turnover. Four soils (Haplustoll, Fragiu- Oades (1984) suggested a model of aggregate formadalf, Hapludalf, and Paleudalf), each with NT, CT, and native vegetation in which microaggregates are initially formed within tion (NV) treatments, were separated into aggregates. Free light fracmacroaggregates. Originally, Tisdall and Oades (1982) tion (LF) and intraaggregate POM (iPOM) were isolated. At one site proposed that microaggregates were formed free within (1994), Gale (1997) , Jastrow (1996) , and Six et al. (1998) In contrast, concentrations of fine iPOM C (53-250 m iPOM in supporting the more recent model proposed by Oades macroaggregates) were less in CT compared to NT macroaggregates. (1984) . In a field incubation experiment with 13 
C-and
On a whole soil basis, fine iPOM C was on average 51% less in CT than in NT, and accounted for 21% of the total C difference between 15 N-labeled wheat (Triticum aestivum L.) straw, Angers NT and CT. The concentration of free LF C was not affected by et al. (1997) observed an initial increase of labeled C tillage, but was on average 45% less in the cultivated systems than and N in macroaggregates because of incorporation of NV. Proportions of crop-derived C in macroaggregates were similar new C and N therein. Upon further incubation, a dein NT and CT, but were three times greater in microaggregates from crease of labeled C and N in the macroaggregates and NT than microaggregates from CT. We suggest that a faster turnover an increase of labeled C and N in microaggregates were rate of macroaggregates in CT compared with NT leads to a slower observed. The labeled C and N was preferentially accurate of microaggregate formation within macroaggregates and less mulated in microaggregates during a period of 18 mo. stabilization of new SOM in free microaggregates under CT. Gale (1997) observed the same redistribution of labeled C and eventually a preferential accumulation of labeled C in microaggregates in a simulated no-till experiment.
T he potential benefits of NT for sequestering C, These results suggest that C is first incorporated into mitigating atmospheric CO 2 enrichment, and immacroaggregates and then forms the core of new miproving soil quality are gaining increased attention croaggregates (Oades, 1984) . (Cole et al., 1995) . Paustian et al. (1997) 
compiled data
The specific objectives of this study were: (i) to inveson NT and CT systems from several long-term field tigate the generality of the previously observed reduced studies and found in most cases an increase in C content concentrations of fine iPOM in CT compared with NT under NT. They attributed this increase to a combina- (Six et al., 1998) and (ii) to further develop a conceptual tion of reduced litter decomposition and less soil disturmodel of SOM accumulation as described in Six et al. bance under NT. Reduced rates of litter decomposition (1998) on the basis of the additional information promay be due to a microclimate less conducive to microvided by the 13 C natural abundance data. bial activity in the surface residue layer. The influence of soil disturbance is believed to be related to changes MATERIALS AND METHODS in aggregate dynamics, which were investigated in this study.
Sampling Soil disturbance influences soil organic matter (SOM)
In November 1995, soils from four different long-term agdynamics (Paustian et al., 1997) . Disturbance-related ricultural field experiments were sampled at two depths (0-5 SOM losses in CT vs. NT may be attributed to (i) reand 5-20 cm) ( CT (Beare et al., 1994; Adu and Oades, 1978; Rovira NT, and CT treatments. Herbicides were applied in the NT and Greacen, 1957). Six et al. (1998) suggested that both treatments as needed. Conventional tillage plots were moldthe level of aggregation and aggregate turnover (i.e., board plowed to a depth of 20 to 25 cm. The NV in Sidney rate of formation and degradation of aggregates) influand KBS was never-cultivated grassland. The NV in Lexington ences SOM. They hypothesized that the turnover of was initially under cultivation, followed by 50 yr under bluegrass (Poa pratensis L.) pasture, prior to establishment of the experiment. In Wooster, the NV is an adjacent deciduous
The delta
13
C values (␦) of the fractions were used to calculate the proportion of wheat-derived C ( f ) forest site, and the NT and CT plots were under long-term cultivation and then 6 yr of grass meadow prior to the start of the experiment. The NT and CT plots in KBS were also
under long-term cultivation prior to the implementation of the two treatments. For all sites, the experimental design was where ␦ t is ␦
C at time t, ␦ c is ␦
C of wheat straw (crop), and a randomized complete block for the NT and CT treatments ␦ 0 is ␦
C of original grassland-derived SOM. The fraction of with three or four field replicates. At Sidney, the NV was grassland-derived soil C is (1 Ϫ f ). The proportions of cropincluded in the experimental design. For further details of site derived C (or wheat-derived C) and grassland-derived C were characteristics, see Table 1 and site descriptions in Robertson used for relative comparisons between size fractions and tillage (1991), Lyon et al. (1997) , Dick et al. (1997) , and Frye and treatments. The proportions of crop-derived C are only preBlevins (1997) .
sented for the 0-to 5-cm layer because of confounding effects When samples were taken, the litter layer was removed on the 13 C signature in the 5-to 20-cm layer. Confounding and the soil cores were divided into two depths: 0 to 5 and 5 effects are due to the changes of 13 C signature with depth. In to 20 cm. Once in the laboratory, the field-moist soil was addition, differences in C concentrations were mainly obpassed through an 8-mm sieve by gently breaking apart the served in the 0-to 5-cm layer. soil, air dried, and stored at room temperature.
Statistical Analyses Physical Fractionation
The data were analyzed as a complete randomized block The method for isolation of the free LF, iPOM, and mineraldesign using the SAS statistical package for analysis of variassociated SOM is described in detail in a previous paper (Six ance-ANOVA-GLM (SAS Institute, 1990 ). All treatments et al., 1998). Briefly, aggregates were separated by wet sieving were included in the statistical analysis for Sidney, but for the air-dried soil through a series of three sieves (2000, 250, and other sites, the NV was not included in the analysis because 53 m). The air-dried soil was quickly submerged in deionized it was not replicated. Within depth, tillage treatment was the water on top of the 2000-m sieve, resulting in slaking of the main factor in the model, with fraction size class and replicate soil. Slaking disrupts aggregates due to the build up of internal as secondary factors. Separation of means was tested using air pressure during the rapid wetting of the soil (Kemper et Tukey's honestly significant difference with a significance level al., 1985). The aggregates were oven dried (50ЊC), weighed, of P Ͻ 0.05. and stored in glass jars at room temperature. The slaked aggregates were then suspended in 1.85 g cm Ϫ3 sodium polytungstate
RESULTS AND DISCUSSION
to isolate the free LF. The free LF probably includes both
Total Carbon
free and released LF, as defined by Jastrow (1996) . However, the dispersion of aggregates in sodium polytungstate was mini-
The C content (g m Ϫ2 ), when calculated for the 0-to mal and, therefore, the released fraction was only a small 20-cm layer, generally differed in the order: NV Ͼ NT proportion of the LF. The aggregates were then dispersed in Ͼ CT (Table 2) . Considering the four sites, total C was 5 g L Ϫ1 Na-hexametaphosphate and passed through 2000-, 9 to 16% less in CT than in NT. The main differences 250-, and 53-m sieves, depending on the aggregate size being in total C were observed in the 0-to 5-cm depth, whereas analyzed, to isolate the iPOM. Sodium polytungstate was recythere were no significant differences in the 5-to 20-cm cled according to Six et al. (1999) to avoid cross contamination depth at any site (data not shown). The most recently of C between samples.
established site (9 yr) at KBS showed small but nonsigCarbon, Nitrogen, and Isotope Analyses nificant differences in total C when comparing whole plow depths. The lack of significant differences at this Carbon, N, and isotope analyses were performed according site are probably a result of the young age of the experito Six et al. (1998) . From the sequential fractionation procedure we define aggregate-associated C and mineral-associated ment and the large field variability due to textural differ-
ences among replicates (data not shown). Aggregate-associated C ϭ aggregate C Ϫ free LF C Intraparticulate Organic Matter Carbon [1] and Nitrogen
Mineral-associated C ϭ aggregate-associated C There were significant differences in the fine iPOM C from macroaggregates ("250f" in figures) in the surface associated iPOM C ("53" in figures), with much higher (0-5 cm) layer ( Fig. 1-4 ) at all sites. Concentrations of concentrations apparent for soils from native vegetation fine iPOM C were two to three times greater in NT than in either of the tillage treatments ( Fig. 1-4 ). The than in CT, showing a consistent pattern across all sites.
greatest contrast between native and cultivated treatIn contrast, there were no significant differences bements was at KBS, which is probably a result of the long tween tillage treatments for the coarse iPOM-C ("250c" cultivation history prior to the establishment of the tillin figures) derived from macroaggregates in the 0-to age experiments. At both Lexington and Sidney, the 5-cm layer ( Fig. 1-4) .
tillage plots were established directly after plowing out For the surface layer, the largest differences in iPOM concentrations were observed for the microaggregateof grassland. At Wooster, higher microaggregate iPOM C levels in the native treatment were not found (Fig. were very high at both depths ( Fig. 3-4) . A possible explanation is that rates of N immobilization may be 4), which may be related to the fact that the NV was forest. Comparing tillage treatments, microaggregate faster for coarse particulate organic matter under CT conditions, but we are not able to confirm this with iPOM C was significantly greater in NT than in CT for three of the sites (Fig. 2-4) . our data. Trends in fine and coarse iPOM C were similar when In the subsurface layer (5-20 cm), iPOM concentrations were generally less than in the surface soil and expressed on a whole soil basis (Table 2) as when expressed on a per unit aggregate weight. At all sites, fine there were fewer differences between treatments. The main differences were in the concentrations of coarse iPOM C level was significantly less in CT than in NT. The difference in fine iPOM C accounted, on average, iPOM C, which were greater in CT than in NT, particularly at Wooster. This was probably a result of plowing for 21% of the difference in total C between NT and CT.
In contrast, at no site (except Sidney) were significant and the mixing of crop residues into the soil under CT, whereas aboveground plant residues accumulate on the differences observed in the total amount of coarse iPOM C between NT and CT ( Table 2) . At Sidney, the differsurface under both NT and NV. In contrast, there were few differences in fine iPOM and microaggregate iPOM ence in total coarse iPOM C between NT and CT is the result of more macroaggregates under NT (J. Six, 1998, concentrations across treatments.
There were not enough Ͼ2000-m aggregates in CT unpublished data). There were similar amounts of macroaggregates under NT vs. CT at Lexington and KBS that resisted slaking to complete the LF and iPOM analysis on this aggregate size ( Fig. 1-4) . These large macro-(J. Six, 1998, unpublished data) . Therefore, the level of coarse iPOM C on a whole soil basis was not significantly aggregates are less stable than smaller macroaggregates (250-2000 m) and much less stable than microaggredifferent between tillage treatments at these two sites. In contrast, at Wooster the macroaggregation was reduced gates. Therefore, these large aggregates are constantly disrupted and not stabilized under CT conditions. under CT, but the high level of coarse iPOM C at depth in CT compared with NT (Fig. 4 ) compensated for the The iPOM N concentrations, expressed on a per unit aggregate weight, showed the same general trends as reduced aggregation. It is especially interesting that total C, total POM C, the iPOM C concentrations (Fig. 1-4) , except that the N concentration in coarse iPOM in Wooster and Sidney coarse iPOM C, and LF C were not significantly differ- ent between NT and CT in KBS, but the fine iPOM C KBS due to a lack of specific knowledge of the longwas significantly greater in NT than in CT (Table 2) . term cropping histories. At the KY site, the C 3 signature Since KBS is a young site, this suggests that the fine of rye (Secale cereale L.), which was planted as a cover iPOM C content may be an early indicator of increased crop, also confounds the interpretation of the ␦ 13 C signa-C sequestration under NT. Total POM C has been sugture of corn (C 4 ). gested as a sensitive indicator of management effects At Sidney, aggregate-associated C and mineral-asso- (Cambardella and Elliott, 1992) . This was supported by ciated C concentrations (Fig. 5) were higher in macroagour data in that total POM was on average 30% lower gregates (250-2000 m) than in microaggregates. (53-in CT than in NT at the three sites other than KBS. In 250 m). The concentration of grassland-derived C was contrast, the fine iPOM C is on average 53% lower in similar for all aggregate sizes and treatments, but the CT than in NT for the four sites. Therefore, our data concentrations of crop-derived C differed significantly suggest that the fine iPOM C is an even more sensitive (Fig. 5 ). Thus differences in C concentrations on an indicator for tillage effects on SOM than is total POM C.
aggregate basis between aggregate size classes and treatments were due to differences in incorporation of cropderived C.
Proportions of Crop-Derived Carbon
We suggest that POM is an important agent for the in Aggregates formation of macroaggregates because it is the epicenter for microbial activity. The three-to sixfold greater conThe natural abundance of 13 C was used at Sidney to centration of crop-derived iPOM C in macroaggregates differentiate crop-derived C from native C. The native compared with microaggregates (Table 3) suggests that grassland at Sidney is a mixed C 3 and C 4 grassland with the young residue (i.e., crop-derived POM) indeed an average ␦ 13 C ratio of Ϫ18.43, whereas the wheat serves as a nucleation site for macroaggregate formation residue has a mean ␦ 13 C ratio of Ϫ27.57. Therefore, a and is incorporated as iPOM C into macroaggregates. more negative ␦ 13 C ratio for a fraction indicates that a However, crop-derived iPOM C was only 34 to 50% of greater proportion of C is from the crop (i.e., wheat).
the crop-derived C associated with macroaggregates. A simple mixing model (Eq. [4]) can be used to calculate Therefore, macroaggregates are formed around iPOM, the proportion of crop-derived C. This technique could not readily be used for SOM fractions in Wooster and but an equal or greater amount of new C incorporation in macroaggregates is as mineral-associated C. This that 20% of the accrual of C in macroaggregates is in the form of POM, and that the majority of the accumugreater accumulation of C as mineral-associated C under NT is probably related to the physical protection lated C occurred in the mineral-associated fraction of macroaggregates. of SOM exerted by the minerals. Jastrow (1996) found tions appear to be the main factors that influence the balance between free LF accumulation and loss. In addition, the threefold higher crop-derived iPOM There is generally a strong correlation between SOM C concentration within NT microaggregates compared levels and inputs (Paustian et al., 1995) . The free LF C with CT microaggregates (Table 3) suggests that the seems to be the POM fraction that is especially affected fine iPOM forms the core of the new microaggregates by residue input, whereas, the other fractions are af-(see Fig. 6 ). However, the slightly higher level of minfected by aggregation, aggregate turnover, and residue eral-associated crop-derived C compared with cropinput. This pattern indicates that the differentiation bederived iPOM C in microaggregates (2.70 vs. 1.78 and tween free-and intraaggregate SOM in models, as sug-0.61 vs. 0.61 crop-derived C kg Ϫ1 sand-free aggregate gested by Elliott et al. (1996) , can be important. The in NT and CT, respectively) indicates again that the free SOM decomposition rate would have parameters sequestration of C in NT is rather as mineral-associated for the influence of soil temperature, soil moisture, and C formed during decomposition than as POM C. Thereresidue quality and input, whereas the intraaggregate fore, POM is the nucleation site for micro-and macroag-SOM decomposition rate is primarily affected by aggregregate formation, but C sequestration within microgation and aggregate turnover, and secondarily by soil and macroaggregates is as both mineral-associated C temperature, soil moisture, and residue quality and and iPOM C.
input.
Free Light Fraction Carbon A Conceptual Model of Aggregate
On average, 45% less free LF C was observed in NT
Carbon Dynamics
and CT compared to NV at all sites (Table 2) . This Comparing NT and CT, we observed similar concenlarge difference and the lack of difference in free LF C trations (on an aggregate basis) for coarse iPOM C, but between NT and CT suggests that the free LF C is significantly lower levels of fine iPOM C ( Fig. 1-4 ) at mostly affected by differences in residue input and soil all sites. If we assume that the POM within stable aggremicroclimatic conditions between native and cultivated gates tends to decrease in size as it decomposes (Gugsoils. Belowground residue input is generally higher in genberger et al., 1994), we can deduce, as described native soils than in cultivated soils and the soil condibelow, that the difference in aggregate turnover betions are drier, which slows decomposition in native tween NT and CT causes the difference in fine iPOM soils (Paustian et al., 1997) . Residue quality and root C concentrations. system architecture are additional factors which differ
The similar levels of coarse iPOM C in NT and CT between native and cultivated systems and can probably suggest that the formation of macroaggregates occurs also influence the level of free LF C.
at similar rates in both systems (Fig. 6: t 1 ) . The lack of In contrast, residue input was not significantly differdisruption from tillage in NT promotes the stabilization ent between NT and CT at Sidney (Lyon et al., 1997), of both macro-and microaggregates and the accumulaLexington (Frye and Blevins, 1997) and KBS (G.P. Robtion of fine iPOM (Fig. 6 : t 2 -t 3 ). The turnover of aggreertson, 1999, unpublished data). Neither were there difgates in NT is determined by the inherent decomposiferences in free LF C between NT and CT. At Wooster, tion of the POM, and aggregates and SOM go through on the other hand, there was a significantly higher resiwhat we call a decomposition loop. In contrast, tillage due input in NT than in CT (Dick et al., 1997) and free enhances disruption of macroaggregates in CT and the LF C was also higher in NT vs. CT (Table 2 ). This iPOM is released from physical protection and is quickly suggests that the amount of residue input determines decomposed ( Fig. 6: t 2 -t 4 ) . Therefore, the turnover of to a high degree the level of free LF C. Golchin et al. aggregates in CT is determined by the disturbance, and (1994) also concluded that the dominant influences on aggregates and SOM go through what we call a cultivathe amount of free light fraction were plant litter input tion loop. Furthermore, the release and enhanced expoand type.
sure to decomposition of iPOM in the cultivation loop The between-treatment differences in free LF C were greatest for the coarse free LF size class (250-2000 m) precludes the formation and stabilization of finer, more . From t 1 to t 2 and from t 2 to t 3 , coarse iPOM is further decomposed and fragmented into fine iPOM within the macroaggregates. Fine iPOM then becomes encapsulated by minerals and microbial products and forms the core of a new microaggregate (t 2 -t 3 ). These new microaggregates contain crop-derived C as iPOM and decomposition products. At t 3 , C is depleted and microbial activity and production of binding agents decrease. The cessation of microbial activity results in a destabilization and potential disaggregation of the macroaggregates. Upon disaggregation there is a release of microaggregates (old and new), the mineral fraction, and POM (t 4 ). These fractions may be reincorporated into new macroaggregates when fresh residue is added. In CT, some macroaggregates go through the same sequence (i.e., the decomposition loop). However, a greater proportion of macroaggregates in CT are disrupted by cultivation and/or slaking in the field at t 2 and go through a shorter cycle (i.e., the cultivation loop) resulting in a faster macroaggregate turnover rate. When iPOM is released from the aggregates, it becomes exposed to microbial decay, which leads to a loss of iPOM and an increased CO 2 flux in CT compared with NT (t 2 -t 4 , in the cultivation loop). The faster macroaggregate turnover in CT than in NT results in (i) fewer macroaggregates being maintained but more free microaggregates being present in CT and (ii) less fine iPOM and new microaggregates formed in CT (see t 3 ). At t 4 , fewer microaggregates have crop-derived C incorporated in CT than in NT.
decomposed POM (fine iPOM) within the macroaggrethat the rate of macroaggregate formation and the initial incorporation of crop-derived C into macroaggregates gates. Therefore, losses of C in CT seem to be related not only to decreased aggregation, but also to increased is similar in CT and NT is further supported by the similarity in the amounts of new crop-derived C in macaggregate turnover.
The hypothesis of similar rates of macroaggregate roaggregates of NT and CT (Fig. 5 ) and the lack of a difference in the concentration of coarse iPOM C (Fig. formation in CT and NT is supported by the cropderived C data ( Fig. 5 and Table 3 ). When fresh residues 1-4) and crop-derived coarse iPOM C (Table 3) in macroaggregates. enter the soil, they become sites for microbial activity and nucleation centers for aggregation (Puget et al., However, the subsequent decomposition of coarse iPOM to fine iPOM (Fig. 6 : t 1 -t 2 ) and stabilization of 1995; Jastrow, 1996) . The enhanced microbial activity at these sites induces the binding of residue and soil macroaggregates is important for the incorporation of crop-derived C into newly formed microaggregates ( Fig.  particles into macroaggregates (Fig. 6: t 1 ) . During this process, LF is incorporated into macroaggregates and 6: t 2 -t 3 ). The genesis of crop-derived fine iPOM from crop-derived coarse iPOM is inhibited when macroagbecomes coarse iPOM. As the coarse iPOM is formed and decomposed, microbial and decomposition prodgregate turnover increases due to soil disturbance in CT. The subsequent encrustation of crop-derived fine ucts become associated with minerals. The hypothesis
